Abstract: Theoretical investigation on commanding the self-pulsation characteristics of the semiconductor distributed feedback (DFB) laser using electronic feedback is carried out in this paper. This device can be used as the sample-and-hold element for high-speed photonic analog-to-digital converter circuit. A recommendation for experimental realization of this scheme with the short-feedback-delay requirement is proposed. The effect of the feedback loop parameters have been simulated numerically based on the rate equations to manipulate the relaxation oscillation frequency of the laser. The results, which to our knowledge are reported for the first time, clearly demonstrate the effect of the feedback loop parameters on the laser intensity modulation frequency response transfer function. A detailed analysis of the noise effects on the performance of this system is also carried out. The conclusion establishes that the theoretical foundation for optimizing and controlling the DFB laser system pulsing source for the photonic analog-to-digital conversion application by tuning the laser drive current may have the potential to replace mode-locked fiber lasers in many other applications, from radio frequency (RF) photonics to chaos communication.
Introduction
Recent advances in coherent optical communication systems beyond 100-Gb/s data rate per channel have increased the bandwidth and speed requirements for the electronic analog-to-digital conversion (ADC) section of the coherent receiver, where the electronic ADC advances are lagging far behind the optical communication data rate growth. A detailed study of the performance of electronic ADC converters is presented in [1] and [2] . This review is useful to evaluate the performance requirement for photonic ADCs to achieve significant enhancement over electronic ADC performance. In Fig. 1 (from [3] ) shows the effective number of bits (ENOB) of a wide range of electronic ADCs as a function of ADC bandwidth [2] . Typically, optics must achieve at least 10 times improvement in bandwidth improvement and/or noise reduction compared with electronics in order for it to be a viable new approach. Based on this, a 1-GHz photonic ADC would have to achieve ENOB 9 11, while at 20 GHz, ENOB ¼ 4 would be sufficient since this exceeds the comparator ambiguity limit for semiconductor circuits with transition frequency of 150 GHz by at least a factor of 2 [3] .
In the area of photonic ADC, there has been recent work to address the speed of conversion [3] . Most of the work so far has made use of mode-locked lasers (fiber lasers or quantum-dash-based lasers) as the optical carrier source for the quantization circuit of the photonic ADC. This has a main drawback of lacking tunability control of the pulse interval, cost, and laser structure complexity [4] . Previous work on identifying key photonic source specifications for the photonic ADC is found in [10] .
In this paper, we propose the use of the very cost-effective and widely available commercial semiconductor distributed feedback (DFB) laser optimized as a directly modulated laser for 2.5-Gb/s data rate by applying electronic feedback to the laser system to make it suitable as an alternative solution to the mode-locked laser and will meet the performance criteria outlined above for the photonic ADC application. A typical directly modulated laser can be modulated with signal frequency up to its relaxation oscillation frequency (ROF); beyond the ROF, the modulation response decays rapidly [5] . The laser output when modulated beyond the ROF exhibits period doubling bifurcations with increasing modulation depths.
Our proposed work eliminates the need for external high-frequency signal sources and relies only on dc bias current to generate and tune fast optical pulses using electronic feedback. The feedback loop delay variation allows us to operate the laser in a stable regime with short delay, which smoothes the frequency response of the laser and extends its modulation frequency response capability while increasing the feedback loop delay beyond the stable regime and forces the laser to operate in selfpulsation mode.
This paper is organized as follows: Section 2 covers the theoretical model of the laser with feedback loop, Section 3 covers the simulation results and discussion, Section 4 covers the discussion on using this proposed technique for photonic ADCs, Section 5 analyzes the noise effects on the performance, and finally, Section 6 contains the conclusion.
Theory
There have been numerous publications on the effects of lasers with electronic feedback [11] - [13] , covering mainly the various states from operating this system in stable mode for analog signal transmitter linearization [9] , and by increasing the feedback loop delay to achieve self-pulsation and chaos modes of operation for chaos communication and encryption applications. To our knowledge to date, no work thus far has showed or addressed the frequency response transfer function of the laser with the electronic feedback system in its analyses. We first present the equations used in the model. We then show results of the laser system in the stable state where the frequency response is flat and well behaved when the negative feedback loop is applied and show the intensity modulation frequency response behavior. We then vary the control parameters of the system to show the self-pulsation mode of operation. Starting with the DFB laser characteristics that are modeled using the well-known rate equations [6] - [8] , [13] that have been modified to include the electronic feedback parameters
where (1) represents the carrier density equation with the feedback terms, represents the feedback loop gain, represents the feedback loop propagation delay, and ! n represents the 3-dB bandwidth of the amplifier circuit. Equation (2) represents the photon density and (3) the optical phase.
Noise effects (Langevin noise terms) are not included in this first part of the analysis. The noise effects on the performance of this source in terms of timing jitter and relative intensity noise (RIN) are analyzed in Section 5. The laser parameters included in these equations are listed in Table 1 .
The optical output power from the laser is represented in
The system being analyzed, which includes the laser and the feedback loop, is presented in Fig. 2 . It consists of a wideband back-facet monitor and electrical amplifier. This implementation using the wideband back-facet monitor [9] allows us to manage and control the short propagation delay in the feedback loop, which is necessary to achieve the desired performance characteristics. It also represents a robust system that is not susceptible to vibrations and will facilitate photonic integration. The key parameters being calculated from the model equations are the ROF, the damping factor, and the intensity modulation transfer function of the system. The ROF and the small-signal Intensity Modulation frequency response of the system have been explicitly derived here to account for the delay, gain, and bandwidth of the feedback loop and are expressed in the following forms:
The laser transfer function H is of the form
where K is
and d , which is the damping factor, is of the form
For the feedback loop parameters, the amplifier transfer function A is of the form
where ! n is the 3-dB bandwidth of the amplifier circuit, and is the feedback gain. The feedback loop propagation delay transfer function B is of the form
where is the propagation time delay of the feedback loop system. Based on the well-known control theory of systems with negative feedback [14] , the complete transfer function on this complete laser system Y is of the form
Based on the parameters listed in Table 1 , the laser threshold current is calculated at 9.4 mA, and the bias current range is up to a maximum of 50 mA for a well-behaved LI curve. The slope efficiency was calculated at 0.04 mW/mA.
Simulation Results and Discussion
The relaxation oscillation and the damping factor in the stable regime with very short loop delay will increase when negative feedback is applied due to the reduction of the carrier density. In the case of positive feedback, the ROF and the damping factor actually decrease. The ROF for the system is calculated based on (5) for various input current levels for the free-running laser shown in Fig. 3 which also includes the feedback loop for stable mode; this figure also shows the enhancement of the ROF with the stable feedback parameters that include a very short loopback delay.
Figs. 4 and 5 show the magnitude and phase transfer function plots of the system in free-running laser ðHðj!ÞÞ and stable feedback ðY ðj!ÞÞ modes, respectively, and they illustrate how much enhancement of the damping factor and modulation bandwidth of the laser can be attained by using negative electronic feedback loop in stable regime where there is a close-to-50% increase of the modulation bandwidth compared with the free-running laser condition.
In analyzing the various configurations of this system, and by applying the FB loop gain of À0.05 and increasing the loop delay of 50 ps necessary to produce the self-pulsation state, the process is explained as the sharpening and extraction of the first spike of the ROF. The feedback sharpens the falling edge of the first spike and suppresses the subsequent spikes. Hence, lasers with stronger ROF generate shorter pulses. We show the system transfer function ðY ðj!ÞÞ magnitude and phase plots in Fig. 6 and compare those with the free-running laser transfer function ðHðj!ÞÞ magnitude and phase plots for various current and delay values. What we see is in the case where the feedback loop is applied an enhanced second peak in the magnitude transfer function plot of Fig. 6 , which indicates the generation of sharp pulsation. The inverse of the frequency peak corresponds to the pulse interval in the time domain.
During this self-pulsation mode, Fig. 7 shows, at 50-mA bias current with feedback delay of 50 ps and feedback gain of À0.05, the time-domain plot of the output power of the system where the pulse interval is 147 ps and where the pulse width is 50 ps. 8 shows the pulse interval as a function of the bias current where the pulse interval can be fine tuned over a range 9 50 ps for the specified current range. The shortest pulse interval was achieved for this particular laser when setting the delay at 30 ps and the gain at À0.05 with 50-mA bias current was 80 ps with pulse width of 30 ps. These limitations on the pulse width are governed mainly by the laser carrier lifetime among other physical parameters of the laser structure.
In the frequency domain, the output spectrum of the laser in the self-pulsation mode is shown in Figs. 9 and 10 for the 20 and 50 mA, respectively. The mode spacing tends to increase with the increase of the bias current to the laser. Fig. 11 shows the mode spacing variation with bias current levels. 
Pulsed-Source for Photonic ADC
We propose the solution in Fig. 12 as an alternative to the mode-locked fiber lasers presently used in most photonic ADC applications. Our proposed source has numerous advantages, including lower cost, availability, tunability, and, most of all, size and power dissipation advantage for photonic integration. The disadvantage is that it has a larger pulse width compared with modelocked lasers, but this effect can be reduced by propagating these pulses through a dispersion compensating element to match the mode-locked laser performance. This solution consists of one laser system (laser1) operating in the self-pulsating mode with feedback loop Delay ¼ 30 ps and Gain ¼ À0:05 at 50-mA bias current, which would generate the lowest pulse interval at 80 ps. The second laser system (laser2) is operating in the stable regime with feedback delay ¼ 15 ps and Gain ¼ À0:02, which allows the system bandwidth to increase so that it would accommodate modulating the signal transferred from the first laser system feedback amplifier. The laser1 system operating in self-pulsation mode generates the pulses which directly modulate laser2 from the noninverting output of the feedback amplifier of laser1 and modulating laser2, which is optimized with its feedback loop to accommodate fast pulse transition for direct modulation.
The semiconductor laser amplifiers (SOAs) are used to match the output power levels from both systems so that the combined signal would have the same amplitude when interleaving both signal. The electrical delay adjustment is used to optimize the timing of the two interleaved signals in order to get the lowest pulse interval possible (avoiding pulse overlap). Fig. 13 shows the output of this system with a pulse interval of 40 ps without the need for any external clock or signal sources. This solution sets the sampling rate at 25 GHz, which is above the 20-GHz minimum requirement stated in the introduction section.
Pulsed-Source Noise Effects Analysis
In Section 2, we analyzed the rate equations (1)- (3) without the inclusion for the Langevin noise terms F N ðt Þ, F S ðt Þ, and F ðtÞ, which are the noise terms added, respectively, to the rate equations. These terms are present due to the carrier generation recombination process and to the Fig. 10 . Frequency-domain spectrum of the laser output power in the self-pulsation mode ðDelay ¼ 50 ps: Gain ¼ À0:05Þ, where the bias current is 50 mA (y -axis levels are in a.u.). spontaneous emission and the generated phase, respectively. These noise terms are Gaussian random processes with zero mean value under the Markovian assumption (memory-less system) [5] . The Markovian approximation of this correlation function is of the form
where i, j ¼ S, N, or . D ij is the diffusion coefficient with full derivation presented in [5] . Proposed photonic ADC pulsed source as a sample-and-hold circuit, where laser 1 is operating in the self-pulsed regime, while laser 2 is operated in the stable regime and modulated by the signal from the feedback amplifier of laser 1. Fig. 13 . Optical output of the system in Fig. 12 , where the pulse interval is 40 ps.
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The first type of noise effect analyzed is the RIN behavior of the system. The laser RIN contributes to the amplitude noise of the system and is described in the following equation [5] :
where A is a constant related to the Schawlow-Townes parameter. Under the negative electronic feedback effect, and using the same frequency-domain analysis of the effect of the feedback loop demonstrated earlier in this letter on the laser modulation response, the RIN, which is an indicator of amplitude noise strength, is reduced from À127 to À143 dB/Hz [9] . Fig. 14 shows the plots of the laser RIN with and without the feedback effect. A reduction of 16 dB in RIN is reported at the ROF peak region. This reduction in RIN with the feedback loop is very important in analyzing the performance of optoelectronic microwave oscillator where the signal-tonoise ratio (SNR) of the output is inversely proportional to the RIN value; the details of the RIN effect on the SNR of the oscillator are presented in [15] . This RIN reduction result shows that this pulse source system has a superior performance to the fiber laser based pulse sources which have maximum RIN values of À120 dB/Hz according to [16] .
The other type of noise effect analyzed is the system phase noise and the effect it has on the timing jitter performance for pulsed sources. The system phase noise Lðf Þ is produced from the effect of the laser linewidth and the power spectral density S ðf Þ of that linewidth. The calculated linewidth of this laser spectrum based on 50-mA bias current is 2.4 MHz (FWHM). The power spectral density of the laser spectrum is calculated based on [17] 
The system phase noise Lðf Þ shown in Fig. 15 is related to the linewidth power spectral density as follows [18] :
The integrated rms timing jitter j which represents the upper bound of the timing jitter of the oscillator shown in Fig. 16 is calculated as follows [19] :
where f min and f max are the boundary of the frequency range. For a pulsed source with a pulse interval of 80 ps, the maximum tolerated rms jitter for sampling application is 120th the pulse interval according to [20] , which lists the requirements for such an application, leading to maximum tolerated rms jitter of 667 fs while our calculated jitter shown in Fig. 16 is around 15 fs, which is well below the limits required for photonic ADC sampling application.
In addition to the compactness of our proposed solution, this performance well exceeds fiber laser performance where, according to [16] , the timing jitter for a fiber laser was 167 fs for a pulse interval of 5 ns with RIN of À120 dB/Hz.
We finally look at certain physical design parameters of the laser being analyzed to determine the effectiveness of electronic feedback and whether this performance presented can be enhanced further. By increasing the cavity length, we can achieve a narrower linewidth by increasing the photon lifetime, which will enhance further the timing jitter performance. The same effect with reducing the linewidth and reducing phase noise can be achieved by reducing the spontaneous emission factor. On the other hand, increasing the gain slope of the laser can increase the ROF and enhance the damping factor, which will help us achieve shorter pulse intervals as shown in Fig. 17 , where increasing the gain slope by a factor of 10 can actually reduce the pulse interval by close to 67%.
Conclusion
Based on the modified rate equations for analyzing DFB laser system with electronic feedback, this paper has done the theoretical and simulation investigation on how to set up a system with selfpulsating behavior. The system architecture is based on using a wide-bandwidth back-facet monitor to realize the delay ranges required to operate the laser in stable and self-pulsation modes. The effects of the feedback loop including gain, delay, and bandwidth have been simulated numerically, and guidelines were generated for the list of recommended parameters necessary to realize such a system. The system with negative feedback operating in the stable regime has shown that the intensity modulation transfer function of the system represented by the ROF does increase by almost 50% over the original free-running laser source ROF to accommodate higher frequency signal modulation. To our knowledge, this is the first time that the laser with electronic feedback system has been analyzed using the intensity modulation transfer function. The time-domain pulse interval was also analyzed using only the laser drive current for tuning the pulse interval for use as the optical source sample-and-hold circuit for photonic ADC application and with recommended architecture for future experimental realization. We also analyzed the system noise performance and demonstrated RIN reduction and provided analysis of phase noise and rms jitter. We also compared this performance with the fiber lasers and examined the effects of some laser physical design parameters for enhancing the electronic feedback effects. These results also show that a pulse train can be generated and controlled only with the laser bias current without the use of external clocking or signaling sources. 
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